(Q), combining microstructure and mechanical behavior, has been creatively defined to evaluate the quality of diamond films.
Introduction
Chemical vapor deposited (CVD) diamond covers a broad range of synthetic diamond materials with great variety of properties such as high hardness, high elastic modulus, chemical inertness, and low self-friction coefficient.
1-4 CVD diamond can be broadly divided into two grades, i.e., microcrystalline diamond (MCD) and nanocrystalline diamond (NCD), with the crystallites in the micron size range and smaller than 500 nm, respectively.
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NCD lms are highly desirable for the substrates of MEMS (Micro-Electro-Mechanical Systems) because the smaller grain size insures a smoother surface for the devices above comparing with MCD. [6] [7] [8] However, the mechanical properties of NCD, such as hardness and elastic modulus, are lower than those of conventional MCD due to the presence of sp 2 non-diamond species. 9 Therefore, the smooth surface, good mechanical property and high sp 3 /sp 2 ratio are usually difficult to obtain simultaneously, and it is hard to evaluate the quality of diamond-related materials only according to their individual properties. Here, we dene quality factor (Q), combining microstructure and mechanical behavior to evaluate the deposits.
Besides, substrate temperature (T sub ) plays an important role in growth process of diamond. Not only the structure and properties of CVD diamond lms, but also the growth rate is mainly inuenced by T sub . For example, the commonly low T sub may hinder the formation of strong chemical bonds between atoms, while the high temperature may enhance the graphite species. 10 However, it is difficult to control precisely the T sub in MPCVD system because the T sub is attributed to several factors, e.g., discharging plasma density and substrate location, which is inuenced strongly by the microwave power (p w ). Moreover, T sub would certainly decrease due to the heat exchange between the chamber and external environment. And it is hard to increase the decreased T sub by adjusting p w due to its strong inuence on T sub . In general, T sub is difficult to be precisely controlled only through the adjustment of p w , which resulting in the difficulty of researches on diamond structures.
In this study, an IH-MPCVD apparatus was developed to fabricate diamond lms. The T sub was compensated with an intermediate frequency induction heating system by selfadjusting the IH power (p h ) according to the thermocouple that set under the substrate. The effects of CH 4 /H 2 ratio and deposition temperature on the morphology, quality factor (Q) and deposition rate of the diamond lms has been investigated, and the growth mechanism of these lms was also proposed. Fig. 1 shows the experimental schematic of the home-made induction heated microwave plasma CVD (IH-MPCVD). The system consisted of a microwave generator network (MPS-15D, NISSIN, Tokyo, Japan, 2.45 GHz, 1.5 kW), a quartz tube chamber, an intermediate frequency induction heating device (S08-6093, Daiichi Kiden, Tokyo, Japan, 6 kHz, 12.5 kW), and a vacuum system. A hollow graphite cylinder heated by the induction heating device was set below the substrate holder as heating unit surrounded by a graphite felt. The substrate holder was supported by an alumina tube within a K-type thermocouple. The temperature signals of thermocouple were fed back to the IH-system.
Experimental
Single-crystalline silicon h100i wafers with dimensions of 10.0 Â 15.0 Â 0.5 mm were used as substrates. To enhance nucleation, the Si substrates were scratched via ultrasonic bath in acetone with diamond powders (10-40 mm) for 1 hour. The scratched substrates were taken ultrasonic cleaning in deionized water, and then dried in a N 2 ow.
The substrates were preheated at 873 K in 30 minutes aer quartz chamber was evacuated to 10 À1 Pa. The input gas ow rate of H 2 (f h ) was 400 sccm. The ow rate of CH 4 (f c ) was varied from 1 to 10 sccm. The total pressure (P tot ) and the microwave power (p w ) were 4 kPa and 900 W, respectively. The induction heating power (p h ) of the intermediate frequency induction heating device was self-adjusted from 0 to 12.5 kW, according to the substrate temperature assessed by thermocouple. Thus, the substrate temperatures (T sub ) were controlled in the range of 923-1123 K. The depositions for all samples were carried out for a total time of 3 h. Phase identication of the lms was obtained by Raman spectra (LabRAM HR Evolution; Horiba, Paris, France) with the excitation of a diode laser 532 nm in wavelength. Crystalline phases were examined by X-ray diffraction with Cu-Ka radiation (XRD; Ultima III, Rigaku, Tokyo, Japan, at 40 kV and 40 mA). A eld-emission scanning electron microscope (SEM; Quanta-250, FEI, Houston, TX, at 20 kV) was used to observe the lm thickness and microstructure. The surcial roughness was analyzed by atomic force microscopy (AFM; Multimode 8-HR, Bruker, Santa Barbara, USA). The hardness and young's modulus were analyzed by a MTS Nano-indenter (Agilent Technologies G200, California, USA). . By increasing h c to 2.5%, the lms showed dense spherical "cauliower-like" morphology [ Fig. 2(e) ]. The cauliower-like structures was also observed by Hemawan 11 via AP-MPCVD. They explained that the formation of spherical and polygonal shapes in the atmospheric pressure MPCVD was due to surface diffusion and condensation from vapor phase. 12 The cross-sectional view [ Fig. 2 (f-j)] revealed the lm thickness reached the maximum at h c ¼ 1.5%.
Results and discussion
The minimum roughness (R ms ) of lm surface is approximately 23.4 nm at h c ¼ 2.0-2.5%, as shown in Fig. 3 , which is much smaller than that obtained at low h c ¼ 1.0% (about 80 nm). Fig. 4 shows the XRD patterns of the deposit, the peaks corresponding to diamond (111) at 43.9 (2q) were only detected for all the specimens, indicating (111) orientation. In terms of carbon chemistry in the plasma discharge, relatively higher h c results in rich [C x H y ] and other methyl radicals which are important for diamond nucleation. These species enhance the re-nucleation process of diamond, as well as the sp 2 hybridized carbon formation. 13 By reducing the CH 4 fraction in the plasma, the C x H y species decreased, especially the species with x > 3 (e.g.
. As a result, the hydrocarbon species with x # 2 incorporates into the lattice by forming a C-C bond to an atom that belongs to a lower-lying terrace, and weaken the nucleation of sp 2 hybridized carbon phase. 5 Therefore, well-faceted diamond prefers relatively lower h c under a constant microwave power in this study. Namely, in this range, the substrate temperature caused an enhancement in diamond growth rate (R G ).
The magnied details of the samples are given in Fig. 5(a) -(e), pyramidal micrometric diamond crystals are visible at the terminal surface, both triangular and square facets corresponding to {111} and {100} lattice plane were observed. The quadrate planes of {100} facets appear at all the samples [ Fig. 5(a-e) ], while the triangular {111} facets present at lower temperature [ Fig. 5(a-c) ]. Area ratio of square and triangular planes obviously grew larger with the increasing of T sub (923-1073 K), owing to the different growth ratio (R hkl ) of each plane. According to the Wulff congurations, 14 the slowest growing plane would be the one survive in growing diamond particles, and vice versa, the fastest one would disappear completely. Fig. 5(k-n) illustrate the Wulff congurations for diamond deposited at 923, 973, 1023, 1073 K respectively as a function of the facet growth ratio of {100} over {111}, dened as parameter a. The XRD result of this group sample shows that only diamond (111) at 43.9 (2q) was detected, indicating (111) orientation.
Wild et al. 15 introduced the growth parameter a which relates the growth rates along different crystal axes; h111i direction would be the fastest growing direction when a is 1, and the growth morphology would be cubic; when a is 3, the fastest growing direction would be h100i direction, and the growth morphology would be octahedron. For example, in addition to the twinning process, the CVD diamond would show truncated octahedron morphology in various scale when a is 1.5. In this study, for diamond deposited at 923-1023 K [ Fig. 5(k)-(m) ], a is 1 to 3, and a increase with T sub . For diamond deposited at 1073 K [ Fig. 5(n) ], a is close to 3. In conclusion, the parameter a shows a negative relation with the rising T sub , indicating that the R 111 increases faster than the R 100 with the T sub [ Fig. 5(a) 
Others have reported the order of calculated energy barriers of different diamond surface planes (i.e. {110} < {111} < {100}). [16] [17] [18] [19] Namely, {100} surface planes are the most stable facets of CVD diamond grains among H-rich plasma, and the hydrogen abstraction process on {111} facets run faster than those on {100} facets. The whole growth process of CVD diamond would speed up with increasing T sub , as a result, the growth rate of h111i direction would be much faster than h100i direction. Fig. 6 shows the surcial roughness increased with increasing T sub except one grown at 1123 K and accompanied by an increasing of lm thickness and grain size. These ndings are understandable because the diamond lm presents a columnar crystal cross-section in Fig. 5 , which indicates that the evolution of grain size follows the van der Dri model 14 with columnar structure. The diagram in Fig. 6 depicts the evolution of lm thickness and surcial roughness in this temperature series. 6, 20, 21 The surcial roughness and lm thickness showed a positive correlation, except one grown at 1123 K. The AFM topographies suggest that the spherical carbon species may present at higher T sub , and these amorphous little particles prefer to generate at the ravines between the micro-crystalline grains, which slightly decrease the roughness. Fig. 7 shows the dependence of the R G on the T sub . The R G of diamond lms, with a good quality, is at an intermediate level. 
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The activation energy of 53 kJ mol À1 calculated by Arrhenius plot of the R G versus a reciprocal T sub . The result indicates that diamond growth process is limited by temperature controlled chemical process, which under a constant microwave power. Stiegler et al. 25 investigated the growth kinetics of diamond lms deposited at low substrate temperatures (673-873 K), and they supposed that increasing R G is most probably caused by the removal of surface bonded hydrogen atoms from the carbon sites. Thus, we induced that with a higher temperature, the removal of surface bonded hydrogen atoms would get easier, and then caused a higher R G . Fig. 8 indicates the Raman spectra for the lms deposited at different T sub . In all samples, a sharp peak has been observed at 1332 cm À1 , which corresponds to the zone center of T 2g symmetry of diamond. The other obvious characteristic peak occurs at 1575 cm À1 presenting the zone center E 2g mode of crystalline graphite, and it is usually designated as the "G" band for graphite. Besides, in micro-crystalline graphite, an additional sharp peak should appear at a wave number of 1350 cm À1 in the Raman spectra, which represents a zone-edge A 1g mode, named "D" band. 27, 28 However, the peak of "D" band, which close to the sharp diamond T 2g peak, was absent from all the Raman spectra in Fig. 8 . Namely, there is little crystalline graphite in these diamond lms. In addition to the diamond and graphite, for all the other kinds of amorphous and nanocrystalline carbon species, the Raman spectra typically shows a shoulder and broad "G" band centered around 1550 cm À1 and a "D" band centered at 1375 cm À1 . 29 The intensity of sharp diamond peak is much higher than the other peaks, which indicates the higher proportion of sp 3 carbon atoms in these samples. With increasing T sub , the related intensity of broad G peak increases, and the "G" band slightly moves up to 1580 cm À1 . The slight shi in the broad "G" band frequency is consistent with an increase of amorphous component which produced from the carbon soot formation. 30 The downshi and broadening of the diamond peak in nanocrystalline diamond also have previously been observed and explained by quantum connement effect. 31 The phase purity is evaluated by the sp 3 / sp 2 ratio (r) from the Raman spectra and expressed as eqn (1),
where, I d is the Raman diamond peak area centered at 1332 cm À1 and P nd I nd is the sum of Raman sp 2 phase peak areas. The respectively. Others have reported the two peaks not only appear together, yet they also show quite strong and similar dispersions, while the diamond mode does not. Moreover, Kuzmany et al. 35 have given a clear proof that these peaks originate from trans-polyacetylene in the grain boundaries by the H-D isotopic substitution result. In Raman features observed here, these two peaks usually occur in the Raman spectra of samples deposited at low temperatures. This is due to the slow growth rate at low T sub , and the re-nucleating process leads to a high nucleation density with a large amount of boundaries among little grains, where polyacetylene existed. In order to ensure the quality of diamond lms, the T sub during diamond growth process should not be higher than 1073 K, neither be lower than 973 K in this study.
As shown in Fig. 9 , the surcial morphologies of diamond lms can be dened as three categories: the well-faceted crystalline, the spherical structures composited with nanoparticles, and the mixture of both morphologies. At a relative high T sub ($1073 K), {100} planes occurred on the lm surface. For high CH 4 /H 2 ratio (h c $ 2.0%) and low T sub (#973 K), more spherical nanoparticles were formed instead of crystalline structure.
In order to follow the mechanical properties, a nanoindentation technique was performed. Fig. 10 demonstrates the relationships between average hardness (H a ), Young's modulus (E) and T sub . The H a and E were calculated from the correlation between load/unload and displacement (i.e., displacement-load curves not shown here). The theoretical value of Poisson's coefficient (n) used for calculating the Young's modulus was 0.20, according to the Poisson's ratio of CVD polycrystalline diamond. 36 The results reveal that the H a and E of lms increased with T sub when it ranged in 923-1073 K; the maximum H a and E reached 84 GPa at 973 K and 642 GPa at 1023 K, respectively. The value is twice as much as regular NCD lms by MPCVD, 37 much hard than those deposited in argon plasma. 38 Exceptionally, both H a and E decreased marginally when T sub beyond 1123 K. This anomaly may result from nondiamond phases generated among diamond crystals, conrmed by SEM, AFM and Raman spectra.
For most applications of diamond lms, such as wearresistant coatings, heatsinks, MEMS and surface acoustic wave devices, a high sp 3 component, a high hardness and a low surface roughness are crucial and favorable, but are hard to possess simultaneously. For example, diamond lm with an extreme smooth surface always shows a poor mechanical property and low sp 3 /sp 2 ratio. To evaluate the quality of different diamond lms by microstructure and mechanical behaviors, we proposed a parameter, quality factor (Q), as a formula model:
where, r refers to sp 3 /sp 2 ratio, H refers to hardness, R ms refers to surface roughness, a, b, c are exponential parameters, Q refers to the quality factor of diamond lms, the higher the value of Q, the better the quality of diamond lms. This formula model is reasonable from a qualitative point of view, because a high r and H, and a low R ms result in a high value of Q, which means a high quality of diamond lm, accordingly, a high sp 3 component and hardness, and a low surface roughness are favourable for most applications of diamond lms. Here, values of a, b, c were provided as 4, 4, 0.5 respectively, based on the researches in this study aer tting. values of Q, we could judge the quality of the diamond related materials more visually. Most specimens fabricated in this study are in the diamond area and NCD area, which demonstrates that with a relatively good quality, the diamond lms in the present study would have a good performance in wearresistant coatings, heatsinks, MEMS and surface acoustic wave devices. The residual stress (s), as a function of various T sub at h c ¼ 0.5% and various h c at 1073 K was calculated by eqn (3). 
where n 0 ¼ 1332 cm À1 , n is the observed Raman shi corresponding to diamond peak, s < 0 and s > 0 correspond to the compressive and tensile stress, respectively. The residual stress generally includes intrinsic stress and thermal stress. The thermal stress is due to different thermal expansion coefficients of the lm and substrate. Peng et al. 43 demonstrated that the intrinsic compressive stress of diamond lms was mainly caused by impurities such as sp 2 bonded carbon and hydrogen, Fig. 9 Coupling effects of h c and T sub on structure of diamond films. and tensile stress was caused by defects such as excess vacancies, which mainly formed from sp 2 carbon aer etching by atomic hydrogen, and grain boundaries. 44 Besides, the thicker of diamond lm, the higher of the compressive stress. 45 As shown in Fig. 12 , s increased from À1.54 to À0.79 GPa as T sub increased from 923 K to 1073 K, which was ascribed to decreasing sp 2 bonded carbon content with T sub . However, a decrease of s was observed at 1123 K due to the presence of spherical carbon species, and increase of lm thickness as evidenced by SEM photograph in Fig. 5 (e)-(j). With h c increasing from 0.5 to 2.5%, s increased from À0.79 to 0.60 GPa. Higher sp 2 carbon content was formed at higher h c , most of which was etched away by atomic hydrogen and then became vacancies. The increasing excess vacancies produced tension stress and caused an increase in residual stress. Furthermore, nanocrystalline diamond preferred to grow at relatively higher h c , as evidenced by SEM photograph in Fig. 2(d  and e) , resulting in an increase in density of grain boundaries, thus, s increased.
Conclusions
To improve the thermal control process of MPCVD technique, we have explored an intermediate-frequency induction heated MPCVD (IH-MPCVD) system. Coupling effects of T sub (923-1123 K) and h c (0.5-2 vol%) on structure of diamond lms shows that the surcial morphologies of diamond lms can be dened as three categories: the well-faceted crystalline, the spherical structures composited with nanoparticles, and the mixture of both morphologies. Higher h c (2.5 vol%) enhances the renucleation process which leads to a smooth surface, yet lower h c (0.5 vol%) results in better crystalline quality of diamond lms. At h c ¼ 0.5 vol%, the morphology transformed from pyramid to quadrate column with T sub increasing from 923 to 1073 K, besides, the maximum hardness (H a ) and Young's modulus (E) was 84 GPa and 642 GPa, at T sub ¼ 1023, 1073 K, respectively. The residual stress increased from À1.54 to À0.79 GPa with T sub , at h c ¼ 0.5 vol%, and then decreased, while at 1073 K, it increased with h c and reached to 0.60 GPa at h c ¼ 2.5 vol%.
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